In this paper, we analyzed the retinal and choroidal blood vasculature in the posterior segment of the human eye with optimized color Doppler and Doppler variance optical coherence tomography. Depth-resolved structure , color Doppler and Doppler variance images were compared. Blood vessels down to capillary level were able to be obtained with the optimized optical coherence color Doppler and Doppler variance method. For in-vivo imaging of human eyes, bulkmotion induced bulk phase must be identified and removed before using color Doppler method. It was found that the Doppler variance method is not sensitive to bulk motion and the method can be used without removing the bulk phase. A novel, simple and fast segmentation algorithm to indentify retinal pigment epithelium (RPE) was proposed and used to segment the retinal and choroidal layer. The algorithm was based on the detected OCT signal intensity difference between different layers. A spectrometer-based Fourier domain OCT system with a central wavelength of 890 nm and bandwidth of 150nm was used in this study. The 3-dimensional imaging volume contained 120 sequential two dimensional images with 2048 A-lines per image. The total imaging time was 12 seconds and the imaging area was 5x5 mm 2 .
Introduction
Optical coherence tomography (OCT) is a powerful interferometric technology that is used to obtain tissue cross section images noninvasively with micrometer resolution, millimeter penetration depth and video-rate imaging speed [1] . OCT has become a valuable tool in a number of medical fields, especially in ophthalmology due to its noncontact, high resolution nature. Extension of the OCT technique to functionally image the human eye is of great interest. Doppler optical coherence tomography (DOCT) is one kind of functional extension of OCT which combines the Doppler principle with OCT and provides in-vivo imaging of blood vessels, blood flow direction, and flow speed [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Blood flow in humans is complex. The flow is pulsatile. The flow speed in a blood vessel is not a constant value, and it changes from the center to the edge in the blood vessel. A parabolic equation may usually describe the distribution of the steady blood flow along the blood vessel radius. This kind of steady flow is usually called laminar flow. The laminar flow may breakdown into a turbulent flow when its velocity is high [15] . In practice, the Doppler frequency produced by a single target will produce a spectrum of Doppler frequency or a series of frequency shift instead of a single frequency. This spectrum broadening is attributed to several sources, such as the cone-geometrical focusing beam, Brownian motion and the speckle. Brownian motion dominates the broadening of the Doppler spectrum at low flow speed, and probe-beam geometry dominates at high flow speed [16] . Depending on the Doppler frequency shift information obtained, we can display this information in a color Doppler method or a variance method. In the color Doppler imaging method, the average Doppler frequency shift is displayed as color images, and the negative and positive averaged frequency shifts are displayed in different colors [2] [3] [4] . In color Doppler images, the information regarding the flow speed and flow direction can be obtained. In a Doppler variance image, the variance or the standard deviation of the Doppler frequency shift is displayed [5] .
In early time domain OCT systems, the Doppler frequency shift was obtained by a spectrogram method which used the short time fast Fourier transformation (STFFT) or wavelet transformation [2] [3] [4] . However, the spectrogram method allowed detection of high speed flow only, and a phase-resolved method was introduced to solve this problem [6] . Phaseresolved Color Doppler has been successfully used to analyze retinal blood flow in real-time [7, 8] . While it was thought that it is hard for phase-resolved OCT method to get the blood vessel networks in the choroid [9] , several methods have been introduced by different group to overcome this problem [9] [10] [11] [12] . Wang et al. proposed a method called optical microangiography (OMAG) technology to separate the static and moving signals with a modified Hilbert transform [9, 11] . By stitching multiple small scanning areas, high-resolution choroid blood vessel images down to the capillary level were demonstrated with OMAG technology [9, 10] . However, the introducing of the Hilbert transform increases the algorithm complexity and computing time. Imaging multiple small areas will increase the imaging time, and registering several small area images into one image is technically challenging. Another method named Joint Spectral and Time Domain OCT also demonstrated the detection of capillary level blood vessels [12, 13] . However, this method needed high scanning density and may increase imaging time greatly. Recently, our group has demonstrated imaging of retinal and choroid blood using phase-resolved Doppler variance imaging [14] .
In this paper, we show that imaging choroidal capillary vasculature network is possible with phased-resolved color Doppler and Doppler standard deviation without sacrificing the imaging time and data processing time. For in-vivo applications, especially ophthalmology, axial sample movement will induce bulk motion and change the detected Doppler frequency. The axial sample movement induced artifacts must be corrected before applying the optical Doppler tomography algorithm. Histogram-based methods are often used to get the bulk motion induced bulk phase. However, this method may also introduce artifacts.
We show that Doppler variance was insensitive to bulk motion of the imaged sample and may be used without removal of bulk motion. A novel, simple and fast segmentation algorithm to indentify retinal pigment epithelium (RPE) is proposed and used to segment the retinal and choroidal layer. High resolution imaging of choroidal capillary vasculature network with phased-resolved color Doppler and Doppler variance is demonstrated.
Method
Phase-resolved Doppler OCT has dominated the methods to extract the average Doppler frequency, and it is based on the detection of the phase difference between adjacent A-lines [6, 17] .
where f is Doppler frequency and ( ) P f is the power spectrum of the Doppler frequency shift, 
where, 
Equation 3 can also be derived from autocorrelation technology [17] . It is the so-called autocorrelation algorithm and has shown great success in the fields of both ultrasound Doppler imaging [17] and Doppler OCT [6] .
Doppler variance is an extension of OCT/ODT technique. It uses the variance of the Doppler frequency spectrum to map the flow. Doppler variance has benefits of being less sensitive to the pulsatile nature of the blood flow, of being less sensitive to the incident angle and may be used to obtain the transverse flow velocity [5, 14, and 16] . If σ denotes the standard deviation of the Doppler spectrum, the Doppler variance 2 σ can be obtained [5, 17] :
With the help of autocorrelation technology, the variance can be expressed as [17] :
Usually, the equations are used together with averaging to improve signal noise ratio (SNR). Average could be done in the lateral direction (temporal direction) so that the equations (3) and (5) become [5, 6 , and 17].
1, , ,
where J is the number of A-lines that are averaged. Averaging could also be performed in both lateral and depth direction and the equations (6) and (7) become [18, 19, 20] ,
where J is the number of A-lines that are averaged and N is the number of depth points that are averaged. The chosen of J and N are dependent on application. Generally, a larger J and N will increase SNR, increase the computing time and decrease resolution. In this manuscript, we are using 4 J = for lateral averaging only images and 4 J = , 4 N = for lateral and depth averaging images to balance the SNR and resolution.
Detail of the system used in this study can be found in references [14, 21] . Briefly, the spectrometer-based Fourier domain OCT using a SLD light source has a central wavelength of 890 nm and FWHM bandwidth of 150 nm . A modified scanning head from a commercial Zeiss Stratus OCT was used. The optical power on the human eye was set at 700 W μ . The CCD integration time was set at 50 s μ . The system sensitivity was measured to be about 100 dB at around zero imaging depth. A 6-dB sensitivity roll-off distance was found to be 1.6 mm imaging depth. Imaging process includes background signal subtraction, linear interpolation to convert data in linear wavelength space to linear wavenumber space, and numerical dispersion. The axial resolution was measured to be 3.5 m μ .
Bulk motion insensitive Doppler variance imaging
For in vivo application of Doppler OCT, the axial sample movement will induce bulk motion and change the detected Doppler frequency. In order to accurately get the Doppler frequency induced by the blood vessel only, the sampleinduced bulk motion must be removed. For the phased-resolved Doppler method, the most common method to remove bulk motion is to find the bulk motion induced bulk phase. Up to now, several methods have been proposed to extract the bulk phase and most of the methods are based on the histogram-based method [19] . Usually, the histogram-based method estimates the median phase, or mean phase and then subtracted it. Recently, averaged-shift-histogram-based nonparametric density estimators have become popular to extract the bulk phase [22, 23] . These histogram-based methods show success in different situations, however, these method increase the computation complexity and time. In this paper, we show that the Doppler variance method does not suffer from bulk motion-induced artifacts and can be used to extract the capillary blood vessel network in human choroid without the bulk phase removal. . From these figures, we found that color Doppler is affected by the bulk motion more than Doppler variance is. The bulk motion increases the background signal of the color Doppler image and blood vessels cannot be indentified if the bulk motion is very strong as shown in the region inside the red circle in Fig.1(b) and Fig.1(f) . Bulk motion induced motion artifacts must be corrected before applying color Doppler algorithm. The bulk motion corrected images as demonstrated in Fig.1 (d) and Fig.1 (f) show great improvement. By comparing Fig.1(d) with Fig.1(f) , it can be found that, with the lateral and depth averaging, the signal to noise ratio is also improved. As for the lateral averaging Doppler variance images [Figs. 1 (c) and (e)], there is background signal. This could be found by comparing Fig. 1 (c) with Fig. 1(e) . However, the blood vessels in the high bulk motion region can still be identified even without correction of the bulk motion as shown in the red circle in Fig.1 (c) . The lateral and depth averaging Doppler variance images [ Fig. 1(g ) and Fig.1(i) ] show insensitivity to the bulk-motion effects. The Doppler variance images [ Fig.1(g) ] without bulk motion correction show great similarity to the bulk motion corrected Doppler variance images [ Fig.1(i) ].
In the region with large blood vessels, histogram based bulk motion correction may introduce artifacts as indicated by the red arrows in Figs. 1 (b) , Fig.1(c) , Fig.1(h) and Fgi.1(i). These artifacts may be corrected with the improved phase-resolved algorithm proposed in reference 21. Although effective, the improved algorithm in reference 21 may increase the calculation time and complexity.
As demonstrated in this manuscript, the lateral and depth averaging Doppler variance images are not sensitive to bulk motion and may be used without the bulk motion correction. The Doppler variance images without bulk motion correction do not show the artifacts. 
RPE layer identification
Depth-resolved information was needed to identify and segment different layers. In this paper, we were interested in the blood vessels in the choroidal layer. We will introduce a new method to do the retinal and choroid layer segmentation. When performing automatic segmentation of OCT images, the images usually need to be preprocessed with special filter to remove the speckles. Several filters, such as a mean filter [24] and a nonlinear complex diffusion filter [25] , have been used to remove the speckles. In this paper, lateral and vertical averaging has been used to process ODT and variance images. This averaging technique was also used to process the OCT intensity images. Figs.2 (a) and (b) show the OCT images without and with the lateral and vertical averaging technique. We found the speckle noise was greatly reduced after processing the OCT intensity image with lateral and vertical averaging. This method is different from the medial filter used in the imaging process. The averaging was performed after the Fourier transform and before the logarithm calculation. The RPE layer has the strongest reflection, and it is commonly located by searching for the maximum reflection intensity [26] . However, there may be sporadic strong reflection from other layers, and blood vessels in the retinal layer may cause a "shadow" effect. These effects will affect the results of locating the RPE layer by the maximum intensity searching method. The layers in the retinal or choroid layers are usually smooth and continuous. The effects mentioned above cause discontinuity and a sharp change of the detected layer surface. A "top-hat" filtering was used from reference 26 to correct this. Here, we propose a simple method called "discontinuity filtering" (DF) method to solve this. After finding the maximum intensity location of each A-line, we can obtain an array. Usually, the central part of the array is more accurate. Starting from the middle cell of this array, we search for discontinuity in two directions. If the pixel difference between adjacent cells of the array is more than 40 pixels, we will think discontinuity is found and the value is not correct. The incorrect value is abandoned and filled with the value of the adjacent cell close to the center of the array. After the DF filter, a simple moving average (MA) method is used to make the curve smoother. Finally, a 6th order polynomial fitting is applied to get the final detected RPE layer. The different steps for this processing procedure are shown in fig. 3 . In Fig. 4 , the detected RPE layers with the proposed method are shown. In Figs. 4 (a) , (b) and (c), the maximum intensity location is shown on the images. In Fig. 4(a) , the arrows indicate the wrong RPE location detected due to the shadow effect and sporadic strong reflection from the retinal layer. In Figs. 4(d) , (e) and (f), the proposed method detected RPE layers are shown. From the pictures in Fig. 4 , we find that the current method is very efficient for the detection of the RPE layer even for special cases as shown in Fig. 4(c) . The algorithm for the layer segmentation was implemented in Microsoft Visual C++ 2008. The software runs on a Dell Vostro 200 desktop computer with a central processing unit (CPU) of Intel Core 2 Duo E7300 @ 2.66GHz. The software is designed with graphic user interface (GUI) for the user to choose the parameters, such as the moving average period, polynomial fitting order. For a moving average period of 8 and a fitting order of 6, the processing time to find the RPE layer of one OCT image with a size of 2048 × 700 pixels will be 0.054 seconds. Fabritius et al. compared the processing time of existing segmentation algorithms and proposed a faster algorithm which takes around 0.15s to obtain the RPE layer for one image with 1024 × 320 pixels [26] . The algorithm proposed here is much faster than the algorithm proposed by Fabritius et al. The proposed algorithm here may also be used to identify other layers, such as the internal limiting membrane (ILM) layer, as demonstrated in Fig. 5 . The ILM layer may be identified by a pixel intensity threshold instead of the maximum intensity as for the case of RPE layer indentification. The threshold may be chosen manually by the operator. However, when processing more curvature layers, a higher order polynomial fitting may be used instead of the 6 th order. 
Results
The RPE layers were identified based on the OCT images. The detected RPE layer location was applied to the Doppler variance images and color Doppler images. The Doppler variance images were processed without the bulk motion removal. The color Doppler images were processed with bulk motion removal. The layers below the RPE layers were taken as choroidal layers. The projection OCT structure, Doppler variance and color Doppler images were obtained by summing up all the layers below the RPE layers. The results are shown in Fig. (5) . Different blood vessels can be seen from these images. OCT images are based on the magnitude of backscattered or back-reflected light. Blood vessels usually manifest as low magnitude in OCT projection images. However, only large diameter blood vessels that are high absorptive can been seen from OCT projection images. Color Doppler projection images [ Fig.5 (c) ] can provide much more information about the blood vessel, such as blood flow direction (pink and blue colors represent different direction), blood flow speed etc. However, due to the pulsate nature of human blood flow, the blood flow direction and blood flow speed are not constant inside one blood vessel. The incident angle dependent nature of Doppler OCT makes the situation more complex. The information provided by color Doppler OCT are compromised. Doppler variance projection image provides a fine microvascular network image which is much clearer. Because Doppler variance projection images are obtained without bulk motion removal, the processing time is less and the processing procedure is much easier. Scale bar: 1mm.
Conclusions
We demonstrate a high resolution imaging of a choroidal capillary vasculature network with phased-resolved color Doppler and Doppler variance. The effect of temporal and depth averaging on the effect of color Doppler and Doppler variance images were analyzed. It was found that the temporal and depth averaging Doppler variance method is not sensitive to bulk motion, and the method can be used without removing the bulk phase. A novel, simple and fast segmentation algorithm to indentify retinal pigment epithelium (RPE) was proposed to segment the retinal and choroidal layer.
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